Abstract. Mechanical ventilation support is commonly required in abdominal compartment syndrome (ACS). In the present study, pressure-regulated volume control ventilation (PRVCV) was compared to pressure control ventilation (PCV) in patients with ACS. The prospective study included 40 patients with ACS who were randomized into the PCV or PRVCV groups and subjected to the different modes of ventilation. After 6 h of ventilation, arterial blood gas, respiratory mechanics and hemodynamics parameters, as well as the intra-abdominal pressure (IAP) and Sequential Organ Failure Assessment (SOFA) scores were calculated. Compared to the PCV mode, mechanical ventilation with PRVCV lead to a significant decrease in the partial pressure of carbon dioxide, the peak inspiratory pressure, the mean inspiratory pressure, the central venous pressure, the heart rate and the extravascular lung water index. In addition, a marked improvement in pH, partial pressure of oxygen, oxygenation index and pulmonary static compliance was noted. However, no significant differences in airway resistance, mean arterial pressure, or IAP and SOFA scores were obtained. In conclusion, the PRVCV mode is better than the PCV mode in ventilation patients with ACS, and should therefore be used as a lung protective strategy. The present study was registered at Chictr.org (no. ChiCTR1800016869).
Introduction
Intra-abdominal pressure (IAP) is normally atmospheric or sub-atmospheric, and when it exceeds 10 cmH 2 O, it results in a condition referred to as intra-abdominal hypertension (IAH) (1) . The blood flow to and the perfusion pressure of organs in the abdominal cavity decrease with increasing IAP (2) . Abdominal compartment syndrome (ACS) refers to organ dysfunction and ischemia resulting from IAH, which triggers a systemic inflammatory response by releasing cytokines, including tumor necrosis factor-α, interleukin-6 and oxygen free radicals. The inflammatory response in turn causes capillary leakage leading to bowel edema, thus further increasing the IAP and resulting in multiple organ dysfunction syndrome. An IAP of >12 cmH 2 O is associated with an increased risk of mortality (3) .
The lung is one of the first organs to be damaged due to IAH, since the increased IAP leads to a decreased lung volume and lung compliance, and increased airway resistance, which results in acute respiratory distress syndrome, ultimately requiring mechanical ventilation support (4) .
Pressure-regulated volume control ventilation (PRVCV) uses the tidal volume as a feedback control for continuously adjusting the pressure limit (5-7). It enables satisfactory and stable ventilation at the lowest possible pressure level, which reduces injury by positive pressure ventilation and increases safety (8) .
Therefore, the objective of the present study was to determine whether the PRVCV mode has a protective effect on patients with ACS compared with pressure control ventilation (PCV).
Materials and methods
Patients and selection. A prospective study was performed, including consecutive patients hospitalized for >3 days at the intensive care unit (ICU) between January 2015 and December 2017. In the current study, 60 patients were enrolled, 20 were excluded, as 18 did not match the inclusion criteria and two refused to be involved. A total of 40 patients ( (1) . The IAP was measured every 6 h and patients were required to have stable hemodynamics for >12 h. Therefore, their mean arterial pressure (MAP) was maintained at >60 mmHg by continuous intravenous administration of vasoactive drugs. In the present study, the sedation score on the Sedation-Agitation Scale was maintained between 3 and 4 using a sedative (9) . The patients were randomized into two groups: i) In the PCV group, patients were ventilated using the PCV mode with an inspiratory pressure of 8-15 mmHg, inspiratory time of 0.8-1.2 sec, inhaled gas oxygen concentration [fraction of inspired oxygen (FiO 2 )] of 0.3-0.6 and positive end expiratory pressure (PEEP) of 6-12 mmHg; and ii) in the PRVCV group, patients were ventilated using the PRVCV mode with a tidal volume of 5-12 ml/kg, respiratory rate of 12-18 times per minute, upper pressure limit (P max ) of 35 mmHg, inspiratory:expiratory of 1:2, FiO 2 of 0.3-0.6 and PEEP of 6-12 mmHg. Parameters were adjusted based on disease severity, lung compliance and arterial blood gas (ABG), in order to maintain an oxygen saturation of 90-95%.
Conventional and active ICU management included disinfection, fasting, gastrointestinal decompression, abdominal drainage and correction of any electrolyte imbalances. All patients required invasive mechanical ventilation; the Dräger Evita 4 ventilator (Drägerwerk AG & Co. KGaA, Lübeck, Germany) was used for the PCV group and the MAQUET Servo-i ventilator (MAQUET Ltd., Tyne & Wear, UK) for the PRVCV group.
Measurement of IAP.
The IAP was measured in the urinary bladder by using a Foley Manometer device with the patient in a supine position (10) . The bladder was first emptied of intra-vesical urine and then injected with 50 ml saline through a catheter. Using the symphysis pubis as a zero-reference point, the end expiration pressure was measured. A measurement protocol was drafted and performed by experienced staff.
Data collection. ABG parameters, including pH, PaO 2 , PaCO 2 and oxygenation index (PaO 2 /FiO 2 ), were recorded. Respiratory mechanics indices, including peak inspiratory pressure (PIP), mean inspiratory pressure (P mean ), pulmonary static compliance (Cst) and airway resistance (R) were monitored by a detection system in the ventilator. Hemodynamic values, including the HR, MAP, central venous pressure (CVP) and extravascular lung water index (ELWI) were measured by the PiCCO 2 system (Pulsion Co., Glasgow, UK). All data were collected after 6 h of ventilation and each parameter was measured 3 times.
Statistical analysis. All values are expressed as the mean ± standard deviation unless otherwise stated and analyzed using SPSS version 19 (IBM Corp., Armonk, NY, USA). Numerical data were compared using Student's unpaired t-test. Categorical data were analyzed with a Chi-square test. P<0.05 was considered to indicate a statistically significant difference.
Results

Patient characteristics.
A total of 60 patients were initially screened, of which 18 did not match the inclusion criteria and 2 refused to participate. The remaining 40 patients completed the weaning procedure (Fig. 1 ). There were no significant differences between the two groups (n=20 each) in terms of their clinical characteristics (Table I) (Fig. 3) . (Fig. 5) . However, the IAP was reduced in the two groups following treatment (both P<0.05).
Outcomes of hemodynamics. HR, CVP and ELWI in the
Discussion
ACS is a critical condition requiring mechanical ventilation. In the present study, it was indicated that compared with those in the PCV group, patients that received PRVCV exhibited a significant decrease in respiratory parameters, including PaCO 2 , airway PIP, P mean , CVP, HR and ELWI. In addition, significant improvements in pH, PaO 2 , oxygenation index and Cst were achieved by using PRVCV as compared to PCV. However, no significant differences were observed in R, MAP, IAP and SOFA scores between the two groups. Thus, PRVCV provides satisfactory and stable ventilation at the lowest possible pressure level, which relieves injury by positive pressure ventilation and increases safety. It is therefore more suitable for patients with ACS, and may be used as a lung protective strategy. ACS refers to organ dysfunction and ischemia-reperfusion injury resulting from IAH, which may be a consequence of abdominal trauma, intestinal obstruction or severe acute pancreatitis (11, 12) . ACS affects the normal functioning of the cardiovascular, respiratory and urinary systems. The synergy between these organ systems further increases the IAP, which results in a vicious cycle of organ damage and IAH, finally leading to multiple organ failure (13) (14) (15) . A recent multi-center prospective study reported that 32.1% of ICU patients were diagnosed with IAH and 4.2% with ACS (16). The IAP acts on the diaphragm and constricts the pulmonary segment, leading to alveolar collapse and a decreased ventilation to blood flow ratio, which causes hypoxemia, hypercarbia and ultimately respiratory failure (17, 18) . Patients with mechanical ventilation and ACS have a higher risk of developing IAH than those without ACS (19, 20) .
Verzilli et al (21) reported that the fluctuation range of the IAP was lowest when the PEEP was between 6 and 12 mmHg in patients requiring mechanical ventilation. In the present study, the PEEP was maintained between 6 to 12 mmHg, since Values were expressed as mean ± standard deviation, range or n (%). BMI, body mass index; AP, acute pancreatitis; M, male; F, female; PCV, pressure control ventilation; PRVCV, pressure-regulated volume control ventilation; IAP, intra-abdominal pressure; SOFA, Sequential Organ Failure Assessment; HR, heart rate; MAP, mean arterial pressure; CVP, central venous pressure; ELWI, extravascular lung water index; PIP, peak inspiratory pressure; P mean , mean inspiratory pressure; Cst, pulmonary static compliance; R, airway resistance; PaO 2 , partial pressure of O 2 ; PaCO 2 , partial pressure of CO 2 ; FiO 2 , fraction of inspired O 2 ; n/a, not applicable.
the optimum PEEP value reduces the extravascular lung water content and improves chest wall compliance. In PCV mode, the pressure is fixed, which results in insufficient ventilatory capacity. Similarly, the ventilatory capacity in the volume control ventilation (VCV) mode is also fixed, but a lack of pressure control further increases the risk of pressure-induced injury. Since an excessive tidal volume results in repeated alveolar folding, the alveolar epithelium and endothelium are frequently deteriorated in patients with IAH. PRVCV is a dual-control ventilation mode that avoids the high peak airway pressures of volume ventilation, as well as the variation in tidal volume that may occur with pressure ventilation. The compliance of thorax and lung are calculated during the first ventilation, followed by the inspiratory pressure of the preset tidal volume in the next ventilation. The actual inspiratory pressure is 75% of the expected value, whereas the actual tidal volume is consistent with the preset value (5-7). The ventilator continuously monitors compliance and automatically calculates the association between volume and pressure on the basis of the preset tidal volume. It regulates the next inspiratory pressure level according to anterior monitoring, thereby minimizing the airway pressure. In other words, stable ventilation is provided at the lowest possible ventilation pressure to minimize the chances of bariatric injury due to positive pressure ventilation, and enhance the safety of the treatment. In the present study, the ABG parameters were distinctly improved in the PRVCV mode compared with those in the PCV mode. At the same PEEP level, the oxygenation index was improved and the PaCO 2 was significantly declined with PRVCV as compared with PCV.
A great number of pathophysiological changes occur due to IAH, including an increase in thoracic pressure and CVP, a decrease in the returned blood volume and a compensatory increase in the HR, and finally respiratory failure, which calls for ventilatory support (22) (23) (24) . The present study demonstrated that compared with those obtained by PCV, the PIP, P mean and Cst were significant improved, all which is beneficial to the respiratory system of patients, with PRVCV. The significant decrease in CVP and ELWI in the PRVCV group may be due to improved compliance and reduced thoracic pressure. The HR was also lower in the PRVCV compared with that in the PCV group, partly because the increased compliance of lung and thorax lead to an augmentation of the returned blood volume. No significant difference was observed in MAP, a parameter that is influenced by multiple aspects, including treatment interventions.
Apart from ABG, significant improvements were also observed in respiratory mechanics and hemodynamics. However, the SOFA score was not improved in the present study, due to two possible reasons: First, the present study only assessed the respiratory and cardiovascular systems, whereas the SOFA score encompasses a total of six systems (25, 26) , and furthermore, an observation time of 6 h may not have been sufficient to improve the SOFA score. Therefore, a follow-up experiment with longer post-ventilation time is required. The present study was a prospective cohort study with a limited sample size, which may have affected the difference in outcome this was a limitation of the study. Additional randomized controlled trials may be helpful for comparing the two ventilation modes. It may be concluded that the PRVCV mode combines the advantages of VCV and PCV, and may provide stable tidal volume at the lowest possible peak airway pressure and MAP, and is a lung protective mode that may reduce the risk of barotrauma in patients with IAH or ACS.
